Background: Brain inhibitory synaptic connections present challenges for molecular identification and imaging. Results: Transgenic mice expressing tagged neuroligin-2 were used to identify associated complexes and image inhibitory synapses in multiple brain regions. Conclusion: Neuroligin-2-associated complexes are enriched in synaptic components, and neuroligin-2 undergoes regulated dynamin-dependent endocytosis and retromer association. Significance: New data and approaches are presented for brain inhibitory synapse proteomics and imaging.
Synapses, the basic units of communication in the brain, require complex molecular machinery for neurotransmitter release and reception. Whereas numerous components of excitatory postsynaptic sites have been identified, relatively few proteins are known that function at inhibitory postsynaptic sites. One such component is neuroligin-2 (NL2), an inhibitory synapse-specific cell surface protein that functions in cell adhesion and synaptic organization via binding to neurexins. In this study, we used a transgenic tandem affinity purification and mass spectrometry strategy to isolate and characterize NL2-associated complexes. Complexes purified from brains of transgenic His 6 -FLAG-YFP-NL2 mice showed enrichment in the Gene Ontology terms cell-cell signaling and synaptic transmission relative to complexes purified from wild type mice as a negative control. In addition to expected components including GABA receptor subunits and gephyrin, several novel proteins were isolated in association with NL2. Based on the presence of multiple components involved in trafficking and endocytosis, we showed that NL2 undergoes dynamin-dependent endocytosis in response to soluble ligand and colocalizes with VPS35 retromer in endosomes. Inhibitory synapses in brain also present a particular challenge for imaging. Whereas excitatory synapses on spines can be imaged with a fluorescent cell fill, inhibitory synapses require a molecular tag. We find the His 6 -FLAG-YFP-NL2 to be a suitable tag, with the unamplified YFP signal localizing appropriately to inhibitory synapses in multiple brain regions including cortex, hippocampus, thalamus, and basal ganglia. Altogether, we characterize NL2-associated complexes, demonstrate regulated trafficking of NL2, and provide tools for further proteomic and imaging studies of inhibitory synapses.
Synapses are fundamental sites of communication in the brain, where neurotransmitter is released from one nerve cell to activate receptors on the target cell. Synapses are complex structural and molecular specializations containing regulated vesicle release and recycling machinery in the axon opposed to receptors and signal transduction apparatus in the dendrite. Brain function is intricately controlled by a dynamic balance of plastic excitatory and inhibitory synapses.
The molecular composition of excitatory glutamatergic postsynaptic specializations has been extensively studied and over 1000 protein constituents identified (1) (2) (3) (4) (5) (6) . Approaches include the purification of postsynaptic density fractions, affinity purification of glutamate receptors and associated proteins, and yeast two-hybrid screens beginning with glutamate receptor C-terminal regions. The application of similar approaches to study inhibitory synapses yielded several important regulators of GABA receptor trafficking (7, 8) . However, likely due to the thin postsynaptic density of inhibitory symmetric synapses, a paucity of high affinity ligands and antibodies specific for GABA receptors, and the challenges posed by the membrane topology of inhibitory receptors for two-hybrid screens, these approaches have met with more limited success for identifying molecular components of inhibitory postsynaptic specializations.
In addition to GABA receptors, the majority of GABAergic inhibitory postsynaptic sites contain the scaffold protein gephyrin (9) and the cell surface synapse organizing protein neuroligin-2 (NL2) 2 (10) . NL2 directly binds to gephyrin and to the associated guanine nucleotide exchange factor collybistin (11) . Presentation of NL2 to GABAergic axons is sufficient to trigger presynaptic differentiation via binding to axonal neur-* This work was supported, in whole or in part, by Canadian Institutes of exin, and presentation of neurexin to dendrites is sufficient to recruit gephyrin and GABA receptors via NL2 (12, 13) . Furthermore, NL2 localizes to inhibitory synapses even in the absence of gephyrin (14) or GABA receptors (15) . The importance of NL2 for inhibitory synapse development is evidenced by a reduction in GABAergic and glycinergic, but not glutamatergic, miniature inhibitory postsynaptic current frequency and amplitude in genetically targeted neurons lacking NL2 (11) . At the behavioral level, loss of NL2 enhanced anxiety-like behavior in dark/light and open field tests and reduced ultrasonic vocalization (16, 17) . Mechanistically, loss of NL2 reduced perisomatic clustering of gephyrin and GABA receptors (11) with no change in symmetric synapse density (16) . NL2 can also link through an S-SCAM scaffold to IgSF9b, which mediates adhesion at a subset of inhibitory synapses (18) , and the interaction of NL2 with neurexin is the target of MDGA1 suppressor of inhibitory synapse development (19) . Thus, NL2 is a central component of inhibitory synapses.
Here we used a mouse transgenic epitope-tagging tandem affinity purification and mass spectrometry (TAP-MS) approach to isolate and characterize complexes associated with NL2. TAP-MS involves expression of the protein of interest with multiple epitope tags that are then used sequentially to purify associated complexes and identify components by MS (20) . First developed to characterize protein interactomes in yeast (21) , TAP-MS is most frequently applied to mammalian cells in culture but has also been applied to transgenic and knock-in mice (22, 23) . To characterize protein associations in a physiological context, we generated a transgenic mouse expressing a low level of TAP-tagged NL2 in neurons and performed TAP-MS from brain tissue, comparing with wild type mice as a negative control. Among multiple expected and novel NL2-associated proteins, we isolated many components that regulate trafficking and particularly endocytosis, and verify that NL2 can undergo regulated endocytosis. The YFP epitope tag on the NL2 transgene can also be used to image inhibitory synapses in many brain regions, without amplification in fixed tissue and potentially in live animals.
EXPERIMENTAL PROCEDURES
Thy1-HFY-NL2 Transgenic Mice-All experimental procedures with animals were conducted following the guidelines of the Canadian Council for Animal Care and the University of British Columbia Animal Care Committee. Generation of Thy1-HFY-NL2 mice was described previously (24) . His 6 -FLAG-YFP-NL2 (HFY-NL2) contains the signal sequence of mouse neuroligin-1, hexahistidine (HHHHHH), FLAG (DYK-DDDDK), and EYFP tags separated by short linkers followed by the mature coding sequence of mouse neuroligin-2. The transgenic line for analysis was chosen by the pattern and moderate level of expression of HFY-NL2 in the brain by confocal imaging. Mice were maintained on a C57BL/6 background and genotyped by PCR.
Neuron Culture and Immunocytochemistry-Hippocampal neuron culture was performed essentially as described previously (25) . In brief, hippocampal neurons from embryonic day 18 rats were cultured at low density on poly-L-lysine-coated glass coverslips inverted over a feeder layer of astrocytes in neurobasal medium (Invitrogen) supplemented with B27 (Invitrogen or StemCell). Neurons were transfected using ProFection Mammalian Transfection System (Promega) at 9 days in vitro (DIV), and immunostained at DIV 12. For the localization of HFY-NL2, neurons were fixed with parafix solution (4% paraformaldehyde and 4% sucrose in PBS, pH 7.4) for 15 min followed by permeabilization with 0.2% Triton X-100 in PBS for 5 min. Neurons were then immunostained using anti-gephyrin (1:500, mAb7a; Synaptic Systems), anti-PSD-95 family (recognizes PSD-95, PSD-93, SAP102 and SAP97; 1:1000, 6G6 -1C9; Thermo Fisher Scientific), anti-vesicular glutamate transporter (1:1,000, 135⅐304; Synaptic Systems), anti-vesicular GABA transporter (1:1,000, 131⅐004; Synaptic Systems), and anti-microtubule-associated protein 2 (1:4,000, IgY, ab5392; Abcam) primary antibodies, followed by Alexa dye-conjugated secondary antibodies toward the appropriate species (1:500, Alexa 488, 568, and 647; Invitrogen) and aminomethylcoumarin acetateconjugated donkey anti-chicken IgY (1:200, 703-155-155; Jackson ImmunoResearch Laboratories, Inc.).
The HA-NL2 vector was a gift from P. Scheiffele (26) . For the endocytosis analysis of HA-NL2, the initial surface HA-NL2 was labeled with FITC-conjugated rat anti-HA Fab fragment (1 g/ml, 11988506001; Roche Applied Science). Soluble neurexin 1␤-alkaline phosphatase (AP) or AP as a negative control were prepared as described (27) and added at 10 nM in conditioned medium at 37°C for 60 min. To block the activity of dynamin, dynasore (80 M; Abcam) or DMSO as a negative control was added in the conditioned medium. Neurons were then fixed with parafix, and the pre-labeled NL2 still present on the cell surface was labeled with Alexa 568-conjugated anti-rat secondary antibody (1:500; Invitrogen). The ratio of the intensity of green to red fluorescence was used to assess endocytosis of HA-NL2. For colocalization analysis with VPS35, following cell surface labeling with FITC-conjugated rat anti-HA Fab for HA-NL2 and incubation with neurexin 1␤-AP or AP as described above, neurons were incubated an additional hour and then fixed in parafix, permeabilized with 0.2% Triton X-100, and co-labeled with anti-VPS35 (H00055737-M02, Abnova) and appropriate secondary antibody. Images for Fig. 6 were acquired on an Axioplan2 microscope (Carl Zeiss) with an oil immersion objective (40ϫ 1.3 numerical aperture or 63ϫ 1.4 numerical aperture) and cooled CCD camera (Sensys; Photometrics) using MetaMorph software (Molecular Devices) and customized filter sets. Images for Fig. 7 were obtained on a Zeiss LSM 700 confocal microscope with a 40ϫ 1.4 numerical aperture oil objective and sequential scanning with individual lasers and optimized filters. For quantification, cells were stained simultaneously and imaged with identical settings. All imaging and analysis was done blind.
Cell Surface Binding Assays-COS7 cells were cultured in DMEM supplemented with 10% fetal bovine serum, and transfected with HFY-NL2 or YFP-CD4 (74) using TransIT-LT1 transfection reagent (Mirus). For the binding assay, transfected live cells were washed with extracellular solution (ECS: 168 mM NaCl, 2.6 mM KCl, 10 mM Hepes, pH 7.2, 2 mM CaCl 2 , 2 mM MgCl 2 , and 10 mM D-glucose) with 100 g/ml of BSA (ECS/ BSA), and then incubated with 20 nM purified neurexin 1␤-Myc-AP or plain Myc-AP protein for 1 h at 4°C. These cells were then fixed with parafix solution and immunostained with anti-Myc (1:1000, ab32; Abcam) and anti-GFP (1:1,000, A11122; Invitrogen) to visualize bound AP fusion proteins and surface YFP, respectively.
Brain Immunofluorescence and Imaging-For YFP imaging, mice between 2 and 4 months old were transcardially perfused with 2% paraformaldehyde in PBS using a low-flow peristaltic pump. Brains collected were post-fixed with 2% paraformaldehyde in PBS for 1 h, cryoprotected in 20%, then 30% (w/v) sucrose in PBS at 4°C, and rapidly frozen. Cryostat sections (20 m) were incubated in blocking solution (5% normal goat serum, 5% BSA, and 0.25% Triton X-100, 0.1 M PBS) for 1 h at room temperature then incubated overnight at 4°C with antigephyrin (1:1000; mouse IgG1; mAb7a, Synaptic Systems) and in some cases anti-Synapsin1 (1:1000; rabbit; AB1543P, EMD Millipore) primary antibodies followed by appropriate Alexaconjugated secondary antibodies (Invitrogen). For GAD65 labeling (1:100; mouse IgG2a, GAD-6-c, Developmental Studies Hybridoma Bank), perfused brains required longer post-fixation, which greatly reduced the YFP signal, so sections were co-labeled with anti-GFP (1:500; rabbit, Invitrogen A11122). For fluorescent labeling of nuclei, 4Ј,6-diamidino-2-phenylindole (DAPI, 100 ng/ml) was included with the secondary antibodies. Coverslips were mounted in Elvanol (Tris-HCl, glycerol, polyvinyl alcohol, 2% 1,4-diazabicyclo[2,2,2]octane). Confocal images were captured sequentially on an Olympus Fluoview FV500 confocal on a BX61W microscope with a 60ϫ 1.42 numerical aperture oil-immersion lens and customized filter sets.
Western Blot Analysis-For Western blots, protein of equal amounts from Thy1-HFY-NL2 or wild type mice was loaded per lane for SDS-PAGE, run on 8% polyacrylamide gels, and transferred to Immobilon P membrane. Membranes were blocked with 5% skim milk and 0.05% Tween 20 in Tris-buffered saline, and incubated with primary antibodies as follows: anti-GFP (1:1000; rabbit, A11122, Invitrogen), anti-neuroligin-2 (1:2000 (28)), anti-GABA A R␥2 (1:1000; rabbit, NB300-151, Novus), anti-GABA A R␣2 (1:1000; rabbit, Alomone Labs), anti-gephyrin (1:1000; mouse, SC25311, Santa Cruz), anti-synapsin1 (1:1000; rabbit, AB1543P, EMD Millipore), anti-PSD-95 family (recognizes PSD-95, PSD-93, SAP102, and SAP97; 1:1000; mouse IgG2a, 6G6-1C9, Thermo Scientific), and anti-␤-actin (1:2500; rabbit, Abcam). Following incubation in appropriate HRP-conjugated secondary antibodies, the signal was detected using the Immobilon Western Chemiluminescent HRP Substrate kit (WBKLS0100, Millipore) and imaged with the Bio-Rad Molecular Imager VersaDoc MP Imaging System (Bio-Rad). For silver staining, the PageSilver kit (K0681, Fermentas) was used.
Tandem Affinity Purification-All of the protein work was performed at 4°C. Mice between 2 and 4 months of age were sacrificed. Seven brains each from sex-and age-matched transgenic or wild type mice were pooled in homogenization buffer (50 mM NaH 2 PO 4 , 300 mM NaCl, pH 8.0, with Mini Protease Inhibitor Mixture, 04693159001, Roche Applied Science). The whole brain tissue was briefly sonicated for two 10-s bursts with a microtip using a Sonic Dismembrator (FB120110, Fisher Scientific), then homogenized using a Dounce homogenizer (099C K54, Thomas Scientific). The brain homogenate was centrifuged for 10 min at 1500 ϫ g to remove nuclei and cellular debris. The supernatant was centrifuged for 1 h at 100,000 ϫ g and the pellet resuspended in homogenization buffer and further homogenized using the Dounce homogenizer. The homogenate was then lysed with 0.5% (w/v) n-dodecyl-␤-D-maltoside (DDM, D4641, Sigma) in homogenization buffer rotating slowly for 16 h. Cytoskeletal debris was removed by ultracentrifugation (100,000 ϫ g for 60 min). Protein concentration was determined using the Bio-Rad RC/DC Protein Assay Kit (number 500-0121, Bio-Rad).
Nickel-nitrilotriacetic acid (Ni-NTA)-agarose (30230, Qiagen) resin was equilibrated with homogenization buffer and incubated with brain lysate prepared as described above for 16 h rotating at 200 rpm on a rotary shaker. The resin was washed twice with 10 mM imidazole in homogenization buffer, collected by centrifugation for 10 s at 15,000 ϫ g. The proteins bound to Ni-NTA resin were eluted three times with 200 mM imidazole in homogenization buffer by centrifugation for 30 s at 15,000 ϫ g between each elution step. Pooled eluate was incubated with biotin-conjugated anti-GFP antibody (0.4 g/mg of brain lysate; 600-106-215, Rockland) for 1 h, followed by incubation with streptavidin-conjugated Sepharose 4B beads (1 l/mg of brain lysate; S7973-89E, US Biological) for 16 h. The immune complexes were washed twice with 0.1% DDM in homogenization buffer, and purified proteins were eluted three times with SDS sample buffer (0.0626 M Tris-HCl, 2% SDS, 0.01% bromphenol blue, 100 mM dithiothreitol, 10% glycerol, pH 6.8) pooling the supernatant.
Protein Digestion and LC-MS/MS-Tandem affinity purified material from each anti-GFP immunoprecipitation following
Ni-NTA elution was run into a 10% SDS-PAGE gel. Proteins were visualized by colloidal Coomassie (29) and split into 6 fractions where proteins in each fraction were digested out of the gel as described (30) . Peptide samples were purified by solid phase extraction on C-18 STAGE tips (31) . Purified peptides were analyzed using a linear-trapping quadrupole, Orbitrap mass spectrometer (LTQ-Orbitrap Velos; ThermoFisher Scientific) on-line coupled to an Agilent 1290 Series HPLC using a nanospray ionization source (ThermoFisher Scientific) including a 2-cm long, 100-m inner diameter fused silica trap column, 50-m inner diameter fused silica-fritted analytical column, and a 20-m inner diameter fused silica gold-coated spray tip (6-m diameter opening, pulled on a P-2000 laser puller from Sutter Instruments, coated on Leica EM SCD005 Super Cool Sputtering Device). The trap column is packed with 5-m diameter Aqua C-18 beads (Phenomenex), whereas the analytical column is packed with a 3.0-m diameter ReprosilPur C-18-AQ beads (Dr. Maisch). Buffer A consisted of 0.5% aqueous acetic acid, and buffer B consisted of 0.5% acetic acid and 80% acetonitrile in water. Samples were resuspended in buffer A and loaded with the same buffer. Standard 90-min gradients were run from 10 to 32% B over 51 min, then from 32 to 40% B in the next 5 min, then increased to 100% B over a 2-min period, held at 100% B for 2.5 min, and then dropped to 0% B for another 20 min to recondition the column. For a 60-min run the gradient was from 10 to 40% B over 32 min, then to 100% B over 0.5 min, held at 100% B for 1.5 min and dropped to 0% B for 15 min. For 120 min (180 min) methods buffer B was from 10 to 25% over 60 min (120 min), from 25 to 60% over 20 min, from 60 to 100% B over 7 min, kept at 100% for 2.5 min and then the column was reconditioned for 20 min with buffer A. The HPLC system included Agilent 1290 series Pump and Autosampler with Thermostat. The thermostat temperature was set at 6°C. The sample was loaded on the trap column at 5 l/min and the analysis was performed at 0.1 l/min. The LTQ-Orbitrap was set to acquire a full-range scan at 60,000 resolution from 350,000 to 1,600,000 in the Orbitrap to simultaneously fragment the top 10 peptide ions by CID in each cycle in the LTQ (minimum intensity 1000 counts). Parent ions were then excluded from MS/MS for the next 30 s. Singly charged ions were excluded because in ESI mode peptides usually carry multiple charges. The Orbitrap was continuously recalibrated using the lock-mass function.
Protein Identification-Centroided fragment peak lists were processed with Proteome Discoverer version 1.2 (ThermoFisher Scientific). The search was performed with Mascot algorithm version 2.4 against the mouse Uniprot database (August 2013 version) with common contaminants added (50863 total sequences) using the following parameters: peptide mass accuracy 10 parts per million; fragment mass accuracy 0.6 Da; trypsin enzyme specificity with one missed cleavage, fixed modifications, carbamidomethyl; variable modifications, methionine oxidation; deamidated N, Q, and N-acetylpeptides, ESI-TRAP fragment characteristics. Only those peptides with IonScores exceeding the individually calculated 99% confidence limit (as opposed to the average limit for the whole experiment) were considered as accurately identified. Proteome Discoverer parameters were: event detector: mass precision 4 ppm (corresponds to extracted ion chromatograms at Ϯ 12 ppm max error), S/N threshold 1; quantitation method Ϫ ratio calculation Ϫ replace missing quantitation values with minimum intensity, yes; use single peak quantitation channels, yes; protein quantification, use all peptides, yes. 
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Selection of NL2-specific Interactors-From all the proteins identified across five biological replicates, those that might be specifically interacting with HFY-NL2 were selected by applying the following criteria: (a) reproducible detection in the sample purified from transgenic (TG) mice (at least 2 unique peptides in two experiments or 1 unique peptide in three experiments); and (b) selective purification from TG mice relative to WT controls (a peptide spectrum match (PSM) ratio of Ն 4:1 TG:WT in at least two experiments, a PSM ratio Յ1:2 TG:WT in no more than one experiment, and cumulative total PSM ratio Ͼ2:1 TG:WT). These criteria resulted in a list of 76 putative HFY-NL2-associated proteins (Table 1 , categorized by manual curation from PubMed and GeneCards).
Over-representation Analysis-The possibility that certain classes of proteins were over-represented in the list of putative NL2 interactors versus all proteins identified was tested using the Over-Representation Analysis function in ErmineJ (32) . We considered any term to be significantly over-represented if the adjusted p value (p values corrected for multiple hypothesis testing) was less than 0.05.
RESULTS
Generation of TAP-tagged NL2-We generated and prescreened TAP-tagged versions of NL2 for proper localization in cultured rat hippocampal neurons prior to generating transgenic mice. Because YFP will be useful for imaging as well as biochemical purification, we began with YFP-tagged NL2. YFP-NL2 bears an extracellular YFP tag following a signal sequence at the mature N terminus of NL2 and localizes properly to inhibitory synapses in cultured neurons (12) . We tried adding next to YFP the IgG binding unit of Protein A (ProtA) and calmodulin-binding peptide (CBP) tags separated by the tobacco etch virus (TEV) protease recognition site, a TAP-tagging strategy that worked well in yeast (21) , plus the short FLAG tag. However, the resultant ProtA-TEV-CBP-FLAG-YFP-NL2 did not localize properly in cultured neurons, the YFP signal filled the processes and formed small non-synaptic puncta, presumably due to misfolding (not shown). Likewise, the smaller CBP-FLAG-YFP-NL2 also mislocalized in cultured neurons. It is possible that the CBP tag may not be suitable for the lumen of the secretory pathway and extracellular domain as required by the position of our tag. We next tested His 6 -FLAG-YFP-NL2 (HFY-NL2), which proved to be more suitable.
HFY-NL2 localized specifically to clusters at inhibitory postsynaptic sites on dendrites of transfected neurons (Fig. 1, A-C) . HFY-NL2 clusters colocalized with gephyrin and were opposed to terminals labeled for the vesicular GABA transporter. HFY-NL2 clustered at distinct sites from excitatory synapses labeled for the excitatory postsynaptic scaffold PSD-95 family and vesicular glutamate transporter (Fig. 1, A-C) . Thus HFY-NL2 exhibited appropriate targeting, similar to endogenous NL2, which clusters at inhibitory postsynaptic sites in cultured neurons and in vivo (10, 12) .
The position of the tags at the mature N terminus of NL2 leaves the short intracellular domain unencumbered to interact with gephyrin and other partners. Interaction of the extracellular acetylcholinesterase homologous domain of NL2 with neurexin is critical for its function as a synapse organizing protein (33) . Although we cannot rule out the possibility that the TAP tags may interfere with some extracellular interactions of NL2, we found that the key interaction with neurexin is preserved. In a cell-based binding assay, the purified recombinant extracellular domain of neurexin-1␤ fused to Myc-alkaline phosphatase (neurexin 1␤-Myc-AP) bound strongly to COS cells expressing HFY-NL2 but not to COS cells expressing the unrelated protein YFP-CD4 as a negative control (Fig. 1D) .
Low Level Expression of HFY-NL2 in Transgenic Mice-To generate transgenic mice with neuron-specific expression, HFY-NL2 was placed in a targeting vector under control of regulatory elements from the Thy1 gene previously used to drive neuron-specific expression of fluorescent proteins in numerous mouse lines (34) . We focused further studies on one Thy1-HFY-NL2 transgenic line, which showed broad low level expression. A Western blot of whole brain homogenate for NL2 showed a higher molecular weight band also recognized by a GFP antibody in the transgenic sample in addition to the wild type band (Fig. 2A) . Based on the relative intensities of the transgenic and wild type bands with the NL2 antibody, this Thy1-HFY-NL2 line expresses the transgene at mean 15.7 Ϯ 1.6% (n ϭ 3) of the endogenous level, i.e. the total level of transgenic plus wild type neuroligin-2 is increased by 15.7% in these mice. A number of other synaptic proteins showed no difference in levels in the Thy1-HFY-NL2 mice compared with wild type, including GABA receptor subunits ␥2 and ␣2, gephyrin, excitatory postsynaptic scaffold PSD-95, and presynaptic protein synapsin (Fig. 2, A and B) . The transgene was broadly expressed, including in the neocortex, hippocampus, and cerebellum (Fig. 2C) . This Thy1-HFY-NL2 line has also been used for imaging inhibitory synapse development in retinal gangion cells (24) . Furthermore, spontaneous inhibitory postsynaptic currents from whole cell recordings of these transgenic or wild type retinal ganglion cells showed no significant difference in frequency or amplitude (24) . These Thy1-HFY-NL2 mice thrive The transgene is expressed at mean 15.7 Ϯ 1.6% (n ϭ 3) of endogenous level. B, no differences were found in levels of the indicated proteins in TG compared with WT brain lysate (n ϭ 3-6, p ϭ 0.44 by two-way analysis of variance; NL2 indicates endogenous NL2). C, HFY-NL2 was expressed in cortex, cerebellum, and hippocampus (black arrow indicates HFY-NL2 transgene; gray arrows indicate endogenous NL2, which sometimes ran as a doublet). FIGURE 3. HFY-NL2 localizes to inhibitory synapses in transgenic mouse brain. Brain sections from perfused adult Thy1-HFY-NL2 mice were imaged for HFY-NL2 using the unamplified YFP signal and co-labeled for the nuclear marker DAPI and the inhibitory postsynaptic scaffold gephyrin. A, the large inhibitory synapses in the ventrolateral basal ganglia exhibit clear colocalization of HFY-NL2 with gephyrin. A minority of neurons (asterisk) do not express the transgene. B, HFY-NL2 colocalized well with gephyrin and overlapped with synapsin, a general presynaptic marker, in the hippocampal CA3 region stratum radiatum (sr), straum pyramidale (sp), and stratum oriens (so). Short strings of HFY-NL2 puncta at the border of stratum pyramidale and oriens likely correspond to axon initial segment synapses (arrowhead). In stratum lucidum (sl), the large mossy fiber glutamatergic synapses immunopositive for synapsin lacked HFY-NL2 or gephyrin. C, HFY-NL2 puncta detected with anti-GFP antibody overlapped with the GABAergic presynaptic marker GAD65, as shown here in the amygdala. Scale bars, 10 m in the main panels, 5 m in the enlarged regions.
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and show no obvious deficits in survival, breeding, or home cage behavior. Thus, whereas NL2 overexpression in culture can alter synapse development (35) and a high level transgenic expression of HA-NL2 in the range of 66 to 440% of wild type level results in neurological deficits and lethality (36) , no such phenotypes were observed in this low level Thy1-HFY-NL2 line.
All these higher level Thy1-HA-NL2 transgenic lines exhibited a pronounced limb clasping phenotype (36), a phenotype never observed in our Thy1-HFY-NL2 line. Thus, in the Thy1-HFY-NL2 line, the TAP-tagged transgene is acting as a tracer without apparent alterations of synaptic protein levels, synaptic transmission, or overt behavior. . HFY-NL2 is broadly expressed at inhibitory synapses in multiple brain regions including cortex, thalamus, and hippocampus. Brain sections from perfused adult Thy1-HFY-NL2 mice were imaged for NFY-NL2 using the unamplified YFP signal and co-labeled for the nuclear marker DAPI and the inhibitory postsynaptic scaffold gephyrin. HFY-NL2 was detected at the majority of gephyrin-positive inhibitory synapses in superior cortex (A), dorsolateral thalamus (B), dentate gyrus (D) granule cell (gc), and molecular layers (ml), and hippocampal CA3 stratum pyramidale (E). Occasional neurons exhibited little or no transgene expression (asterisk in B) or high level expression (arrowhead in E). Overall expression of the transgene was more sparse in medial dorsal thalamus (C) and the hilus of the dentate gyrus (D) where a greater fraction of gephyrin puncta lacked HFY-NL2 YFP signal. Scale bars, 10 m.
Localization of HFY-NL2 to Inhibitory Synapses in Multiple
Brain Regions-To interact with the appropriate molecular partners, and to be useful for imaging, the TAP-tagged NL2 must localize properly in brain in vivo. As previously reported for retina (24) , indeed the HFY-NL2 localized specifically to inhibitory postsynaptic sites in multiple brain regions. The YFP channel was suitable for confocal imaging of HFY-NL2 without requiring amplification. HFY-NL2 showed strong colocalization with the inhibitory postsynaptic marker gephyrin in all brain regions (Figs. 3 and 4) . The colocalization of YFP with gephyrin was particularly apparent at the large inhibitory postsynaptic sites formed in the ventral basal ganglia (Fig. 3A) . Consistent with expression in multiple neuron classes from the Thy1 promoter (37), perisomatic HFY-NL2 was associated with presumptive interneurons outside the pyramidal cell layer as well as pyramidal cells of the hippocampus, The majority but not all inhibitory synapses were labeled with YFP, as a small subset of neurons did not express the transgene (e.g. Figs. 3A and 4B). Conversely, the YFP transgenic label was more pronounced than gephyrin at apparent axon initial segment synapses in hippocampal stratum pyramidale (Fig. 3B) and in rare individual neurons with high transgene expression (Fig. 4E) . Clustering of HFY-NL2 opposite GABAergic terminals was shown by colabeling for the GABA synthetic enzyme and inhibitory presynaptic marker GAD65; because conditions for GAD65 labeling were not readily compatible with maintaining YFP fluorescence, anti-GFP antibody was used to detect HFY-NL2 (Fig. 3C) . HFY-NL2 puncta showed significant overlap with GAD65 puncta, greater than the overlap observed after rotating one of the channels to simulate random overlap (p Ͻ 0.0001, t test, n ϭ 44 fields). Importantly, HFY-NL2 was not detected at excitatory synapses. For example, in the hippocampal CA3 stratum lucidum region the large mossy fiber glutamatergic synapses immunopositive for synapsin lacked apposing HFY-NL2 or gephyrin (Fig. 3B) .
HFY-NL2 was expressed and appropriately co-clustered with gephyrin at the majority of inhibitory synapses in all regions of cortex, thalamus, and hippocampus, except for relatively low expression in the hilus of the dentate gyrus (Fig. 4) . Although other brain regions were not examined in detail, expression was also observed more broadly. Especially considering the heterogeneity among GABAergic neurons and GABAergic synapses (38, 39) , this widespread expression of HFY-NL2 may be important for detecting multiple potential interacting complexes, some of which may be region or cell-type specific.
Purification of HFY-NL2 Complexes-To optimize the purification, we first tested the solubility of HFY-NL2 from brain homogenate in multiple detergents at concentrations of 0.25-1%. HFY-NL2 solubility was in the 60 -80% range efficient with DDM, Triton X-100, and Nonidet P-40, but Ͻ30% with digitonin, octyl ␤-D-glucopyranoside, polyoxyethylene (20) , sorbitan monolaurate (Tween 20), or CHAPS. As a next test, we compared the yield of HFY-NL2 upon binding to a Ni-NTA column and elution with imidazole, the first step of purification based on the His 6 tag. We obtained a better yield using DDM than either Triton X-100 or Nonidet P-40. Furthermore, DDM has been found superior to Triton X-100 and other detergents for maintaining interactions within membrane protein complexes such as active cytochrome oxidase and photosynthetic reaction centers (40) . Thus we selected a buffer with 0.5% DDM for purification of HFY-NL2-associated complexes.
We used a two-step purification protocol, first binding to a Ni-NTA column via the His 6 tag and then immunoprecipitation with biotinylated anti-GFP antibody and streptavidin-agarose via the YFP tag. Although HFY-NL2 was also designed with a FLAG tag between the His 6 and YFP for a potential threestage purification, HFY-NL2 did not immunoprecipitate well with M2 anti-FLAG antibody. The two-step purification resulted in an expected reduction in the overall protein amount and complexity assessed by SDS-PAGE and SYPRO Ruby staining (Fig. 5A) . Furthermore, each step resulted in enrichment of the HFY-NL2 transgene assessed by Western blot (Fig. 5B) . Some endogenous NL2 and gephyrin copurified with HFY-NL2, thus confirming the preservation of expected interactions based on the dimerization of NL2 (13, 33) and the association of NL2 with gephyrin (11) .
Characterization of HFY-NL2 Complexes-We performed the two-step purification side by side from the whole brain of adult age-matched and sex-matched Thy1-HFY-NL2 (TG) mice and wild type (WT) mice as a negative control for isolation of nonspecific components. Five independent isolations from TG and paired WT brains were performed and proteins were identified by LC-MS/MS. Putative specific interactors of NL2 (Table 1) were identified as described under "Experimental Procedures." As an important validation of the set of specific interactors, this list contains well characterized components of GABAergic synapses including GABA receptor ␣1, ␤2, and ␥2 subunits and gephyrin. Furthermore, a Gene Ontology analysis (32, 41) of the HFY-NL2-associated components in Table 1 as compared with the entire set of proteins isolated from TG or WT mice confirmed a significant enrichment in FIGURE 5 . Isolation of HFY-NL2-associated proteins. Brain lysate from adult Thy1-HFY-NL2 mice was subjected to two rounds of affinity purification. Following the first step of binding to a Ni-NTA column via the His 6 tag, the purified material (Ni eluate) was immunoprecipitated with biotinylated anti-GFP antibody and streptavidin-agarose via the YFP tag resulting in doubly purified material (Anti-GFP IP). A, SDS-PAGE and SYPRO Ruby stain shows a reduction in total amount and complexity of material during the two-step purification. B, Western blot shows increasing enrichment of the HFY-NL2 transgene (black arrow) as well as co-purification of some endogenous NL2 (gray arrow) and gephyrin.
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TABLE 1 Proteins associated with HFY-NL2
Two-step purification of complexes using the His 6 and YFP tags was performed as described in the legend to Fig. 5 from five sets of adult age-matched and sex-matched Thy1-HFY-NL2 (TG) and WT mice. After removal of human keratins, all components are listed that passed the identity criteria of at least 2 unique peptides in two experiments or 1 unique peptide in three experiments in TG samples, and the selection criteria of PSM ratio of Ն4:1 TG:WT in at least two experiments and PSM ratio Յ1:2 TG:WT in no more than one experiment and cumulative total PSM ratio Ͼ2:1 TG:WT. Listed here are the cumulative total PSM from TG and WT samples from the five experiments; italics indicates uncertainty in PSM allocation among closely related proteins due to some common peptides. Protein categories were defined by manual curation from PubMed and GeneCards. proteins involved in cell-cell signaling and synaptic transmission (Table 2) . Regulated Endocytosis of NL2-A striking aspect of the list of putative HFY-NL2-associated proteins is the number of components involved in membrane protein trafficking (Table 1) . Among these, many have reported roles in the endocytic pathway, including AP-3, myosin VI, VPS35, Dnajc6, dynamin 1-like, dynamin 3, Rab21, SNAP91, and neurochondrin (42) (43) (44) (45) (46) . As an initial functional test of whether NL2 undergoes dynamin-dependent regulated endocytosis, we expressed NL2 with an extracellular HA tag in cultured hippocampal neurons, labeled surface HA-NL2 with FITC-conjugated rat anti-HA Fab fragment, and followed the fate of this labeled NL2 upon application of soluble ligand. For these endocytosis assays, we switched from the HFY tag to an HA tag in the same position of NL2 to utilize the available monovalent Fab reagent, avoiding using divalent antibodies, which can alter protein trafficking when applied to live cells. After incubation with the FITC-conjugated rat anti-HA Fab fragment, neurons were then exposed to the NL2-binding extracellular domain of neurexin 1␤ fused to alkaline phosphatase (neurexin 1␤-AP) or AP as a negative control, and any pre-labeled NL2 still present on the cell surface 1 h later was labeled with Alexa 568-conjugated anti-rat antibody. Neurexin 1␤-AP as compared with the AP induced a loss of surface HA-NL2 and increased the endocytosed HA-NL2 (Fig. 6) . Furthermore, treatment with dynasore, an inhibitor of dynamin GTPase activity and thus of dynamin-dependent endocytosis (47) , blocked the endocytosis of HA-NL2 induced by neurexin 1␤-AP. Thus, NL2 can undergo dynamin-dependent regulated endocytosis in neurons.
Colocalization of Endocytosed NL2 with VPS35 RetromerAn interesting protein found associated with HFY-NL2 (Table  1) is VPS35, a retromer component implicated in endosome to Golgi transport and endosome to plasma membrane recycling (45, 48) . VPS35-containing retromer-associated endosomes were recently found to mediate frequent plasma membrane fusion events throughout neuronal dendrites (49) . We wondered whether NL2 might traffic by this route and tested for colocalization of endocytosed HA-NL2 with VPS35. Indeed, punctate HA-NL2 that appeared in the soma and dendrites following surface labeling colocalized significantly with VPS35 (Fig. 7) . Treatment with neurexin 1␤-AP as compared with AP increased the area occupied by punctate HA-NL2 and HA-NL2 colocalized with VPS35, confirming the enhancement of endocytosis by soluble ligand. The fraction of punctate HA-NL2 present in VPS35-positive organelles was in the 49 -59% range and was not altered by neurexin 1␤-AP, indicating association of ligand-induced and basal endocytosed NL2 with VPS35-positive organelles.
DISCUSSION
Here we used tandem affinity purification and mass spectrometry from transgenic mice to identify proteins associated with the major inhibitory synaptic organizing protein NL2. Known components of inhibitory synapses were isolated, including GABA receptor subunits ␣1, ␤2, and ␥2 and gephyrin, and multiple novel putative NL2-associated proteins. Gene Ontology analysis confirmed enrichment of proteins involved in cell-cell signaling and synaptic transmission. Isolation of a number of trafficking proteins suggested that NL2 may undergo regulated trafficking. In support, we show that recombinant NL2 in neurons undergoes dynamin-dependent internalization upon addition of a soluble ligand and that endocytosed NL2 colocalizes with VPS35 retromer. In addition, the YFP signal in Thy1-HFY-NL2 mice labels inhibitory postsynaptic sites in numerous brain regions and thus may prove useful for further imaging studies.
NL2 directly binds to gephyrin (11) , whereas the association of most other proteins isolated here with NL2 may be indirect as part of a larger complex. Neuroligin-3 partially colocalizes with NL2 to inhibitory synapses and coimmunoprecipitates with NL2 (50), likely as part of a larger complex rather than a hetero-oligomer (51). The isolation of neuroligin-4 but not neuroligin-1 here is also consistent with the selectivity of neuroligin-4 for inhibitory synapses, albeit more for glycinergic than GABAergic (52) , and of neuroligin-1 for excitatory synapses (53) . In addition to binding NL2, gephyrin binds to multiple GABA receptor ␣ subunits (54), thus constituting a link between NL2 and GABA receptors. The GABA receptor subunits isolated here, ␣1, ␤2, and ␥2, are the most abundant and together comprise the major synaptic inhibitory receptor in the brain (55) . In addition to gephyrin, GABA receptors, and other neuroligins, several other proteins isolated here by association with HFY-NL2 have a previously demonstrated localization and/or function at inhibitory synapses. Neurofascin localizes specifically to inhibitory synapses on the axon initial segment (56) , in contrast to NL2, which localizes more broadly to inhibitory synapses on the axon initial segment, perisomatic region, and dendrites. Functionally, in adult rat hippocampal neurons, altering levels of neurofascin altered the number and size of gephyrin and GABA receptor clusters and GABAergic innervation on the axon initial segment but not on dendrites (57) . Ankyrin-2 borders the axon initial segment (58) and thus may also contribute to GABAergic synapse development in this specialized domain. Tenascin-R and brevican are major components of the perineuronal net that is prominent around the axon initial segment and around subsets of interneurons (59) . Furthermore, tenascin-R Ϫ/Ϫ mice show reduced numbers and altered morphology of perisomatic asymmetric synapses and a corresponding reduction in inhibitory transmission (60, 61) . Thus, prior evidence supports a role in GABA synapse development for multiple scaffolding, extracellular matrix, and cell adhesion proteins isolated here.
A number of components associated with membrane protein trafficking were isolated with HFY-NL2. Many of these have reported roles in the endocytic pathway, including AP-3, myosin VI, VPS35, Dnajc6, dynamin 1-like, dynamin 3, Rab21, SNAP91, and neurochondrin (42) (43) (44) (45) (46) . We further show that HA-NL2 can undergo dynamin-dependent endocytosis in neurons, triggered by incubation with the soluble ectodomain of neurexin 1␤, and that endocytosed HA-NL2 is present in VPS35 retromer-containing organelles. Although neurexins are expressed mainly as transmembrane proteins, secreted forms of neurexin 3 can be generated by alternative splicing (62) . Furthermore, multiple subtypes of neurexins are subject to proteolytic processing by metalloproteases and presenilins resulting in ectodomain shedding (63, 64) . Thus the soluble neurexin 1␤ ectodomain used here to trigger endocytosis may mimic the shed ectodomain. An important future direction will be to characterize more thoroughly the regulation of NL2 trafficking. Neuroligin-1 undergoes rapid internalization upon chemical induction of long term depression (65) , and interestingly both neuroligin-1 and NL2 are also subject to ectodomain shedding (66, 67) . The presence of endocytosed NL2 in VPS35 retromer-containing organelles, a major route of recycling in dendrites (49) , suggests that sorting and trafficking of endocytosed NL2 may be regulated by the retromer.
A limitation of this study is that only a subset of inhibitory synaptic components were isolated. The lack of enrichment of Slitrk3 (68) and the dystrophin glycoprotein complex (69, 70) FIGURE 6. NL2 can undergo dynamin-dependent regulated endocytosis in neurons. Cultured hippocampal neurons were transfected to express HA-NL2 at 9 DIV and assayed at 12 DIV. Live neurons were incubated with FITC-conjugated rat anti-HA Fab fragment for 10 min, then for 1 h with soluble NL2 ligand neurexin Nrx-AP or AP control in the presence of the dynamin inhibitor dynasore or vehicle DMSO control. Cells were fixed without permeabilization and incubated with Alexa 568-conjugated anti-rat antibody. Thus, green FITC indicates surface plus internalized HA-NL2, whereas red Alexa 568 indicates surface HA-NL2 remaining. This HA-NL2 was expressed at a higher level than the HFY-NL2 in Fig. 1 , hence there is a higher level at extrasynaptic sites along dendrites, but this high expression was needed for sufficient sensitivity for the internalization assay. A, Nrxn1␤-AP relative to AP control induced an obvious increase in HA-NL2 internalization. Scale bar, 20 m. B, the fraction of initial surface HA-NL2 remaining, measured as the ratio of Alexa 568 to FITC signal normalized to the AP ϩ DMSO control condition, differed significantly among groups (analysis of variance, p ϭ 0.0006, *, p Ͻ 0.05; **, p Ͻ 0.001 by Tukey's multiple comparison test, n ϭ 34 -37 from two independent experiments).
might reflect the presence of distinct complexes mediating inhibitory synaptic adhesion. However, we cannot rule out a more technical explanation, especially because neurexins and multiple GABA receptor subunits were not enriched either. Their absence may be due to the labile nature of inhibitory synaptic complexes, even in the presence of the relatively mild FIGURE 7 . Endocytosed NL2 colocalizes with VPS35 retromer. Cultured hippocampal neurons were transfected to express HA-NL2 at 9 DIV and assayed at 12 DIV. Live neurons were incubated with FITC-conjugated rat anti-HA Fab fragment for 10 min and either fixed immediately (control) or subsequently incubated for 1 h with soluble NL2 ligand neurexin Nrx-AP or AP control then an additional hour in conditioned media, and fixed. Thus, green FITC indicates surface plus internalized HA-NL2. Fixed cells were permeabilized and immunolabeled for VPS35 (red). A, confocal images focusing on the soma (top) and dendrites (bottom) of labeled neurons treated with Nrx-AP for 1 h show colocalization of endocytosed punctate HA-NL2 with VPS35. B and C, for quantification, central regions of the soma and large dendrites were outlined interior to the plasma membrane. Fractional area occupied by punctate pre-labeled HA-NL2 and HA-NL2 colocalized with VPS35 was measured (B, analysis of variance, p Ͻ 0.0001; *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001 by Tukey's multiple comparison test, comparisons are with control group except where indicated otherwise, n ϭ 30 from two independent experiments). The percentage of HA-NL2 punctate area colocalized with VPS35 did not differ between Nrx-AP and AP groups (C). Scale bars, 10 m. detergent DDM. Rather than standard methods, chemical cross-linking was used to first achieve coimmunoprecipitation of gephyrin with NL2 from brain (11) . Similarly, although gephyrin is now generally accepted to interact directly with GABA receptors, albeit with lower affinity than glycine receptors, classical methods were not successful to demonstrate such an interaction (54) . While this study was underway, two studies taking a similar approach as ours to identify synaptic components were reported. Proteomic analysis of excitatory postsynaptic sites using a knock-in mouse expressing TAP-tagged PSD-95 identified 118 associated proteins (23) . In contrast, proteomic analysis of inhibitory postsynaptic sites using a transgenic mouse expressing the singly tagged Venus-GABA receptor ␣1 identified 18 associated proteins (71) . Thus, unlike excitatory postsynaptic complexes, many of which survive isolation with 2% SDS, inhibitory synaptic complexes appear to be particularly labile making it difficult to generate a complete catalogue of components.
Conversely, some components listed in Table 1 are likely contaminants and not bona fide components of NL2 complexes. However, putative NL2-associated proteins cannot be dismissed outright because they have housekeeping functions. As a prime example, gephyrin at first may have seemed an unlikely candidate as a major scaffolding protein of inhibitory synapses because of its dual essential function in molybdenum cofactor biosynthesis (54) .
In addition to its utility for TAP-MS proteomics, the HFY-NL2 transgenic line may also be useful for further imaging studies. Whereas spiny excitatory synapses can be imaged in many brain regions using a fluorescent cell fill for spines, inhibitory postsynaptic specializations are not apparent just with a cell fill but require a molecular tag. Thy1-HFY-NL2 mice express the tagged NL2 at a low level, essentially as a tracer, in multiple brain regions and the YFP signal is suitable for imaging without amplification. This line may be useful to bypass the necessity for in utero electroporation of tagged constructs for in vivo imaging of inhibitory synapses (72) and for large scale mapping of inhibitory synapses using recently developed tissue clearing techniques (73) .
